L ow birth weight can result from preterm birth and intrauterine growth restriction, and is associated with coronary artery disease, arterial hypertension, diabetes, and other systemic risk markers 1 for cardiovascular disease risk in adulthood. Studies have also shown associations with ocular characteristics, such as shorter axial length, 2, 3 smaller foveal avascular zone, 4 reduced foveal pit depth, 4 abnormal macular and retinal nerve fibre layers, 5 larger cup-disc ratio, 6 and narrower retinal arterioles. 7, 8 Some studies suggest that lower birth weight is associated with the development of myopia, [9] [10] [11] [12] whereas others have not found such association. 2, 3 One recent study reported a thinner choroid 3-mm temporal of the fovea in preterm children. 13 Choroidal thickness has been reported to be associated with age-related macular degeneration (AMD), 14 retinal vein occlusion, 15 diabetes and diabetic retinopathy, [16] [17] [18] myopia, and axial length. [19] [20] [21] [22] [23] [24] In the Copenhagen Child Cohort 2000 Eye Study, we have previously found that body height and puberty are associated with thicker subfoveal choroid in girls. 25 Data from recent studies in children [26] [27] [28] [29] have indicated that choroidal morphology and association with age differ from what have been observed in adults. 20, 30, 31 It is unclear if birth parameters such as low birth weight and preterm birth have long-term effects on choroidal development in children. 13, 32 This is of increasing interest as the subfoveal choroid seems to be intricately involved in myopia development in young animals. [33] [34] [35] The purpose of the current study was to examine the associations between birth parameters and choroidal thickness in the population-based Copenhagen Child Cohort 2000 Eye Study. 25 We hypothesized that low birth weight and preterm birth are associated with a thinner subfoveal choroid and examined choroidal thickness in relation to birth weight, gestational age, size for gestational age, and body length at birth.
METHODS
The Copenhagen Child Cohort 2000 Eye Study is a populationbased, observational study of children born in the year 2000 in Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 the former Copenhagen County, Denmark. The first eye examination was appended to the 11-year follow-up of this prospective study of child mental health. 36, 37 A total of 1632 children attended the core mental health examination in 2011 to 2012. Of these, 1406 (86.2%) also chose to participate in the eye study. Exclusion criteria included previous eye trauma (n ¼ 9), congenital malformation of the eye (n ¼ 1), corrected visual acuity lower than 80 Early Treatment Diabetic Retinopathy Study (ETDRS) letters at 4-m distance (Snellen 0.8; n ¼ 14), inability to cooperate with axial length measurement (n ¼ 11), inability to obtain optical coherence tomography (OCT) scans of acceptable quality (n ¼ 13), and inability to cooperate with the eye examination (n ¼ 35). This led to 83 children being excluded from the analysis, thus leaving 1323 children. Only right eyes were included. The study was approved by the local medical ethics committee and performed in accordance with the Helsinki Declaration. Informed consent was obtained from the children's parents or legal guardians prior to the examinations. We have previously reported the association between subfoveal choroidal thickness and body height and puberty in girls in this cohort. 25 The study protocol has been described previously. 25 In short, participants were inquired about current and past ophthalmic history. Past medical history, including postnatal screening and history of retinopathy of prematurity (ROP), and information about current medication use were obtained from the parents. Height without shoes was measured to the nearest centimeter. Weight, self-reported Tanner puberty stage, and blood pressure were assessed as previously reported. 25 Visual acuity and best-corrected visual acuity were determined using ETDRS charts (4 meter original series; PrecisionVision, La Salle, IL, USA) and an abbreviated refraction protocol where refractioning was pursued only until the participant saw 80 ETDRS letters or better. The study design gave priority to representativity and recruitment over cycloplegia, which was not included. Noncycloplegic objective refraction by an automated refractometer (Retinomax K-plus 2; Right MFG. CO., LTD., Tokyo, Japan) was used to guide refractioning. Subjective refraction was performed by adding positive power (þ0.5 diopters [D]) consecutively to the objective refraction until a loss of at least three letters was observed, followed by removal of positive lens power until the maximal visual acuity was achieved. Ocular axial length and anterior chamber depth were measured using an interferometric device (IOL-Master, version 3.01.0294; Carl Zeiss Meditec, La Jolla, CA, USA) and calculated as the average of at least five and three scans, respectively.
Choroidal spectral-domain OCT was made in enhanceddepth imaging mode (EDI; Spectralis HRAþOCT; Heidelberg Engineering, Heidelberg, Germany). Scanning procedures included a transfoveal 7-line horizontal scan and a 4-line transfoveal radial scan, both in high resolution and spanning 308 using the built-in eye tracking feature to enable automated real-time averaging of 25 B-scans. The foveal center was assumed to be present on the scan with the deepest fovea and the most prominent reflex at the bottom of the foveal pit. 25 Transverse magnification was adjusted using participants' axial length and the Heidelberg Spectralis HRAþOCT-specific scaling method described by Delori et al. 38 Choroidal thickness was measured using the manufacturer's software (Heidelberg Eye Explorer, version 1.6.1.0; Heidelberg Engineering) to manually place the two available segmentation lines at Bruch's membrane and the choroidoscleral border, respectively. The adjustment was made by an experienced operator (XQL). Intragrader variability was assessed by remeasuring the horizontal choroidal scan in 30 randomly selected children. When a suprachoroidal space was visible, the segmentation line was fitted to the border between the suprachoroidal space and the sclera. Scans with a signal-to-noise ratio poorer than 25 dB were rejected. The choroidoscleral border was visible and the subfoveal choroidal thickness measurable in all children who fulfilled the criteria for inclusion in the present study. 25 In addition to subfoveal choroidal thickness being measured in all children, macular choroidal thickness was measured at multiple locations in all children with low (n ¼ 51) and high birth weight (n ¼ 48) and in children with pre-(n ¼ 63) and post-term birth (n ¼ 63), respectively, as well as in a random sample of 70 full-term children with normal birth weight. In this subset of children choroidal thickness was measured in 16 peripheral locations of the macula in eight directions on four transfoveal radial scans, at 1 and 3 mm from the foveal center ( Fig. 1 ) by moving the position marker according to the x-axis in the proprietary software. Each radial scan was individually assessed for foveal centration. All horizontal scans appeared to be optimally centered, whereas the vertical and oblique scans in 13, 18, 17, and 18 children with low birth weight, high birth weight, pre-, and post-term birth, respectively, were excluded because of decentration. In the control group, 11 children were excluded due to lack of centration in the nonhorizontal scans, leaving 59 children control with valid centration of all radial scans.
In the 1323 children included in the study, 25 birth weight in grams, gestational age in days, and birth length to the nearest centimeter were obtained from the Danish Medical Birth Registry, 39 which collects all data reported by midwifes and physicians immediately after birth. 36 Birth weight (available for 1293 children) and gestational age (available for 1309 children) were categorized into low (<2500 g), normal (2500-4500 g) and high birth weight (>4500 g), and pre-(<37 weeks), full-(37-42 weeks), and post-term birth (>42 weeks), respectively. As low birth weight may be due to both preterm birth and intrauterine growth restriction, children were also categorized into small, appropriate, and large for gestational age, based on a Danish population-based birth weight for gestational age reference chart. 40 Statistical analyses were performed using SAS software (ver. 9.2; SAS Institute, Cary, NC, USA). Distributions of baseline parameters were evaluated by reviewing relevant histograms. Demographic data were presented as means (SDs) for continuous data and median (interquartile range) for ordinal data (Tanner staging). One-way ANOVA and v 2 tests were used to compare demographic characteristics between birth weight groups. The statistical model's underlying assumptions of linearity, variance homogeneity, and normality of the residual distributions were assed using relevant plots. Homogeneity of variance of subfoveal choroidal thickness was assessed using Levene's test and no significant difference in variance was found. Intragrader repeatability was evaluated by calculating the intraclass correlation coefficient using mixed models between two consecutive measurements of the horizontal choroidal scan in 30 randomly chosen children. Associations between subfoveal choroidal thickness and birth parameters were analyzed using a general linear model, with birth parameters as categorical group variables (birth weight, gestational age, or size for gestational age) or continuous variable (birth length), including adjustment for age, sex, body height, Tanner stage by sex, axial length, anterior chamber depth, and spherical equivalent refractive error, each of which have been reported to be associated with subfoveal choroidal thickness. 25 Because birth weight, gestational age, and birth length are highly correlated, adjustment for each of these parameters was not applied in one and the same model. Interactions between sex and birth parameters were assessed by adding the cross products to the statistical model.
A mixed model was used to analyze multilocational, macular choroidal thickness between birth weight groups and between gestational age groups while adjusting for interindividual variations in age, sex, body height, Tanner stage by sex, axial length, anterior chamber depth, spherical equivalent refractive error, and intraindividual repeated choroidal measurements at the 17 locations. Spatial autocorrelation was detected using Moran's I test (P < 0.001) and addressed using a spatial covariance structure that was more representative of the posterior pole choroidal data after variogram fitting, where choroidal thicknesses at two closely placed locations were closer related to each other than two measurements located far apart. Statistical significances were modified using Bonferroni correction for multiple comparisons. Estimates were calculated with 95% confidence intervals (CI 95 ). Analyses of spatial autocorrelation, variogram fitting, and covariance structure selection for spatial data were reviewed by a statistics consultant. The level of statistical significance was set to P 0.05.
RESULTS
Birth weight data were available in 1293 children of whom 51 (3.9%) were of low birth weight and 48 (3.7%) of high birth weight ( Table 1 ). The birth weight distribution of the Copenhagen Child Cohort 2000 cohort was comparable with the general birth weight distribution in Denmark, where the incidence of low birth weight was 3.4% and the incidence of high birth weight was 4.3% in the year 2000. 41 Of the 1309 children for whom gestational age data were available, 63 
Demographic characteristics analyzed using one-way ANOVA or v 2 test (sex, Tanner) and presented with mean 6 SD or median (interquartile range: Tanner).
* All characteristics except the sex-distribution were comparable with those of the children from whom birth weight data were available (P > 0.05).
† Significant (P 0.05) differences compared with normal birth weight children.
(4.8%) were preterm and 63 (4.8%) were post-term (data not tabulated). One child was born extremely preterm (<28 weeks) and was of extremely low birth weight (<1000 g), while a second preterm child was in the very low birth weight category (1000 to <1500 g) and the remaining 49 low birth weight children were in the moderately low birth weight range (1500 to <2500 g). All but one of the preterm children were born between gestational weeks 32 and less than 37 (moderate to late preterm). All parents denied knowledge of ROP having been diagnosed or ROP having been treated. At the time of the 11-to 12-year examination, the birth weight groups were of comparable age and pubertal development (Tanner stages) and showed no significant difference in anterior chamber depth, refractive error, or visual acuity (Table  1) . Longer axial length was observed in children with high birth weight (0.35 mm; CI 95 0.13-0.57 mm, P ¼ 0.002, data not tabulated) compared with normal birth weight children, whereas the axial length was comparable between low and normal birth weight children (P ¼ 0.52, data not tabulated). Children with high birth weight were primarily boys (73%) and were significantly taller (3 cm; CI 95 1-5 cm, P ¼ 0.003, data not tabulated) and heavier (4 g; CI 95 1-6 g, P ¼ 0.003, data not tabulated) than children of normal birth weight at the time of examination. When adjusting for age, sex, height, and weight, there was no significant difference in the axial length in high compared with normal or low birth weight children (P ¼ 0.14, data not tabulated). Low birth weight children were also comparable with normal birth weight children in sex distribution, height, and weight.
Intragrader repeatability was high with an intraclass correlation coefficient (ICC) of 0.996. The mean difference between subfoveal thickness measurements one and two was 1.8 6 7.9 lm, P ¼ 0.22, range À17 to 14 lm. Similar remeasurements of nasal and temporal choroidal thickness at 1 and 3 mm from the foveal center, respectively, showed no significant difference (nasal 1 mm: À1.4 6 14.6 lm, P ¼ 0.61, ICC 0.985; nasal 3 mm: 0.3 6 13.1 lm, P ¼ 0.91, ICC 0.966; temporal 1 mm: À0.6 6 9.4 lm, P ¼ 0.74, ICC 0.966; temporal 3 mm: À2.5 6 10.3, P ¼ 0.19, ICC 0.991). Mean subfoveal choroidal thickness in children with low, normal, and high birth weight was 324, 361, and 351 lm, respectively (Table 2) , with a comparable variance (P ¼ 0.22) and an age-and sexadjusted difference of À38 lm in low birth weight children compared with normal birth weight children (P ¼ 0.0005, Table 2 ). In the multivariate analysis adjusting for age, sex, height, Tanner stage by sex, axial length, anterior chamber depth, and spherical equivalent refractive error, the mean subfoveal choroid in low birth weight children was 37 lm thinner (CI 95 À60 to À15 lm, P ¼ 0.001, Table 2 ; Fig. 2 ) than in normal birth weight children. There was no statistical difference in choroidal thickness between high and normal birth weight children (P ¼ 0.44, Table 2 ; Fig. 2 ).
Grouped by gestational age, the age-and sex-adjusted subfoveal choroid in preterm children was thinner than in fullterm children (À20 lm, CI 95 À40 to À1 lm, P ¼ 0.04, Table 2 ). This effect sank below the level of significance, however, in the multivariate model (CI 95 À37 to 2 lm, P ¼ 0.08, Table 2 ). There was no difference in subfoveal choroidal thickness between post-and full-term children (P ¼ 0.13, Table 2 ).
Children born small, appropriate, and large for gestational age had mean subfoveal choroidal thicknesses of 339, 363, and 352 lm, respectively (Table 2) . Small for gestational age children had thinner age-and sex-adjusted subfoveal choroids compared with appropriate for gestational age children (P ¼ 0.01, Table 2 ). This difference remained significant in the multivariate analysis (À19 lm; CI 95 À37 to À1 lm, P ¼ 0.04, Table 2 ). There was no difference in subfoveal choroidal thickness between large and appropriate for gestational age children (P ¼ 0.21, Table 2 ). Body length at birth, which was available in 1289 children, was positively associated with subfoveal choroidal thickness, which increased by 2 lm/cm (CI 95 1-4 lm/cm; P ¼ 0.005, Table 2 ) after multivariate adjustments. Excluding one extremely preterm child who was 24 cm at birth (range in the rest of the cohort: 40-60 cm) from the analysis showed a comparable result (2 lm/cm, CI 95 0-4 lm/cm, P ¼ 0.02). There was no significant interaction between sex and birth parameters on the subfoveal choroidal thickness (P > 0.05, not tabulated).
In a subset of 158 children, macular choroidal thickness was measured at 16 locations in addition to the subfoveal location described in the analyses above ( Fig. 1; Table 3 ). Mean choroidal thickness was numerically thinner at all locations and significantly so at 15 of the total of 17 locations in children with low birth weight compared with children with normal birth weight (Table 3 ; Fig. 3) , adjusted for age, sex, height, Tanner stage by sex, axial length, anterior chamber depth, and spherical equivalent refractive error. The difference was largest 1-mm nasosuperiorly of the fovea (À48 lm, CI 95 À73 to À24 lm, P 0.01, Table 3 ). Children with high birth weight had thinner choroids at several superior macular locations compared with children with normal birth weight, the largest difference being located 1-mm nasosuperiorly (À34 lm, CI 95 À60 to À9 lm, P 0.01, Table 3 ). All 17 locations taken together, the macular choroids in both low and high birth weight children were significantly thinner than in normal birth weight children (P 0.01, Table 3 ).
Preterm children had thinner macular choroids than fullterm children at multiple extrafoveal locations, the maximal 
Choroidal differences between birth weight groups were adjusted for age, sex, height, Tanner stage by sex, axial length, anterior chamber depth, and spherical equivalent refractive error. * P 0.01 after Bonferroni correction. † P 0.05 after Bonferroni correction.
FIGURE 3.
Multilocational, macular choroidal thickness in children with low (pink triangles) and normal birth weight (blue circles). The macular choroid was numerically thinner in low-birth weight children, an effect that reached statistical significance in 15 of 17 locations (black crosses). Black dotted lines mark the radial scan locations, the foveal center being positioned at (0;0). Data from high-birth weight children were omitted for the sake of simplicity. Macular choroidal thicknesses were adjusted for age, sex, height, Tanner stage by sex, axial length, anterior chamber depth, and spherical equivalent refractive error.
difference being found 1-mm nasosuperiorly of the fovea (À37 lm, CI 95 À60 to À14 lm, P 0.01, Table 4 ). Overall, the macular choroid in preterm children was thinner than in fullterm children (P 0.01, Table 4 ). There was no significant difference between full-and post-term children at any location.
DISCUSSION
In this population-based cohort of children we found that having a low birth weight, being small for gestational age or being shorter at birth were associated with having a thinner subfoveal choroid at 11 to 12 years of age. The macular choroid was also thinner at extrafoveal locations in children of low birth weight or preterm birth, compared with normal birth weight and birth at full term, respectively.
Strengths of this study include a population-based design and estimates of gestational age being based primarily on first trimester ultrasonography. Additionally, anthropometric data including pubertal development status and ocular axial length data were included. Limitations include cycloplegic refraction and intraocular pressure not having been obtained. We used a manual procedure to define the thickness of the choroid on EDI-OCT scans 42 because no commercialized automated segmentation software was available at the time of analysis. Measurement of choroidal thickness outside the foveal center was only made in a subset of children.
The children with low and normal birth weight in the current study were comparable in anthropometric and ocular characteristics, including axial length, anterior chamber depth, refractive error, and body height at the time of examination, and the analyses were performed adjusting for additional variables that may affect choroidal thickness. Consequently, our findings indicate that having a thinner choroid relates to lower birth weight, per se, beyond what can be explained by differences in age, axial elongation, myopic shift, or general anthropometric characteristics in children with low birth weight.
Previously, Moreno et al. 32 have measured choroidal thickness in infants and found that subfoveal choroidal thickness increased after birth in preterm infants but without reaching the thickness of full-term infants of the same postmenstrual age. Another study of 31 preterm and 30 fullterm children aged 4 to 10 years reported that at one location 3-mm temporal of the fovea the mean choroid was thinner in preterm children, 13 whereas no effect of gestational age or birth weight was found on subfoveal choroidal thickness. The discrepancies may be related to the larger sample size (n ¼ 1293) and consequently higher statistical power in our study and to differences in categorization availability of birth parameter data.
In the present study, we also found associations of size for gestational age and birth length with subfoveal choroidal thickness, supporting the hypothesis that intrauterine growth conditions may have lasting effects on the choroidal thickness. Low birth weight and preterm birth were associated with a thinner macular choroid, especially in the nasosuperior and superior macula in our study, but not significantly so in the temporal macula as has previously been reported. 13 Limited data are available on the development of the macular choroid during childhood and only from cross-sectional studies, some of which suggest that choroidal thickness increases with age, 28, 29 others that it decreases with age. 26, 27, 30 In adults, an association between a thinner choroid and increasing age 20, 30, 31 has been reported repeatedly in cross-sectional studies. Also in adults, a thinner subfoveal choroid is related to longer axial length and more myopic refraction and in high myopia also to lower visual acuity. [19] [20] [21] [22] [23] [24] Animal studies support the significance of the choroid in emmetropization and myopia development. [33] [34] [35] However, it is not known if a thinner choroid in Choroidal differences between gestational age groups were adjusted for age, sex, height, Tanner stage by sex, axial length, anterior chamber depth, and spherical equivalent refractive error. * P 0.01 after Bonferroni correction. † P 0.05 after Bonferroni correction.
childhood influences the development of myopia later in life as no longitudinal study of choroidal thickness and myopia in children has been published. The association between preterm birth or low birth weight and the development of myopia in otherwise ophthalmologic healthy children remains disputed, 2,3,9,10 some populationbased studies indicating comparable refraction properties despite differences in ocular biometry. 2, 3 Indeed, the so called 'myopia of prematurity' in otherwise ophthalmologic healthy preterm children may primarily involve the anterior part of the eye. 43 The choroid superior of the fovea was relatively thin in high birth weight children. This was contrary to the effect we expected of neonatal macrosomia and previous reports describing a longer axial length and a thicker retina/retinal nerve fiber layer. 2, 3, 5 Our study cannot determine whether the trait was present at birth or appeared later. The thinner superior choroid may reflect influence of prenatal or maternal factors that increase the risk of higher birth weight. 44 However, previous report on choroidal growth in childhood and the generally thicker choroid at the superior/temporosuperior locations in children, 28, 29 along with the lack of thickness difference in other locations between normal and high birth weight children in the present study may also suggest an upper limit for maximal choroidal expansion during normal development.
To the best of our knowledge, the present study is the first to report choroidal thickness differences between normal and high birth weight children. Interestingly, two separate studies reported the surprising association between high birth weight and risk of AMD. 45, 46 The latter is associated with a thin choroid. 14, 47 Obviously, there is a vast span in age between our 11-to 12-year-old study participants and patients with AMD. Longitudinal studies are necessary to map the course of choroidal thickness development throughout childhood and adolescence into adult life and its relationship with ophthalmologic morbidity in high age.
In summary, being smaller at birth was associated with having a thinner choroid at the age of 11 to 12 years in this population-based cohort of children. The findings indicate the existence of a persistent effect of intrauterine growth retardation and unfavorable birth parameters on the development of the choroid in childhood.
